Both GcvA and Lrp are required for normal regulation of the gcv operon. Moving the GcvA-binding sites 3 and 2 and the Lrp-binding region either closer to, or further away from, the gcv promoter by approximately one helical turn of DNA resulted in a less than twofold decrease in glycine-mediated activation or inosine-mediated repression of a gcvR :lac2 fusion. Moving these sites approximately two helical turns of DNA away from the gcv promoter resulted in a further loss of both activation and repression; moving these sites approximately three helical turns of DNA from the gcv promoter resulted in an essentially complete loss of both glycine-mediated activation and inosinemediated repression. However, when these sites were moved by approximately 1.5 and 2.5 helical turns of DNA away from the gcv promoter, there was a complete loss of both glycine-mediated activation and inosinemediated repression of the gcvT::/acZ fusion. The flexibility in the absolute distance of the GcvA-and Lrp-binding sites relative to the gcv promoter, but strict orientation dependence of these sites is consistent with a possible protein-protein interaction of either GcvA, Lrp, or both of these proteins with RNA polymerase. Because of the location of these target sites relative to the gcw promoter, it is also likely that DNA looping is required for this mechanism of regulation.
INTRODUCTION
In Escherichia coli, the conversion of serine to glycine and 5,10-methylenetetrahydrofolate is mediated by the enzyme serine hydroxymethyltransferase (glyA gene product) and is the major source of one-carbon (Cl) units (Mudd & Cantoni, 1964) . The oxidative cleavage of glycine by the glycine-cleavage (GCV) enzyme system provides a second pathway for the production of C1 units, which are used in the biosynthesis of purines, methionine, thymine and other cellular components (Mudd & Cantoni, 1964) . E. coli mutants deficient in the GCV enzyme system excrete glycine (Plamann et al., 1983) ; mutants that overproduce the GCV enzyme complex show a reduced growth rate, most likely due to Abbreviations: GM, glucose minimal; RNAP, RNA polymerase.
glycine starvation (Ghrist & Stauffer, 1995) . These observations suggest that the physiological role for the GCV enzyme complex is to balance the requirements for glycine and C1 units used in numerous biosynthetic reactions.
Numerous proteins have been shown to be involved in the regulation of gcu expression. PurR, a negative regulator of many genes involved in nucleotide metabolism (Kilstrup et al., 1989; Rolfes & Zalkin, 1988) , mediates a twofold repression of the gcu operon in response to purine supplementation Wilson et al., 1993a) . Purified PurR protein was shown to bind to a site in the gcv control region overlapping the transcription start site ( Fig. la) (Wilson et al., 1993a) . Lrp, a global regulatory protein of numerous genes relating to amino acid metabolism (Calvo & Matthews, 1994) , is required for normal induction of the gcu operon (Lin et al., 1992;  0002-2236 Q 1998 SGM , the Lrp-binding region Stauffer . Lrp binds to multiple sites upstream of the gcv promoter ( Fig. la) . The GcvA protein activates expression of the gcv operon in glycine-supplemented medium and is also necessary for PurR-independent repression of the operon when cells are grown in the presence of inosine but without glycine (Wilson et al., 1993a, b) . GcvA binds to three sites in the gcv control region ( Fig. la ) (Wilson et al., 1995) . All three sites are required for normal GcvA-mediated repression of the operon, but only the upstream sites appear necessary for GcvAmediated activation of the operon (Wilson et al., 1995) .
The GcvR protein negatively regulates the gcv operon (Ghrist & Stauffer, 1995) ; its ability to repress is dependent on a functional GcvA protein. Whether GcvR interacts directly with GcvA, with DNA, or perhaps has an enzymic role (for example, synthesizing the corepressor), is unknown.
As described above, the gcv regulatory region is complex, with multiple cis-acting regulatory sites and globaland specific-acting regulatory proteins. We have extended the genetic analysis of this control region by uncoupling the upstream GcvA-binding sites 3 and 2 and the Lrp-binding region from the downstream GcvAbinding site 1 and the gcv promoter element (Fig. la) . Although the position of the various cis-acting sites shows flexibility in controlling gcv expression, the correct orientation of these sites relative to the gcv promoter is essential. Possible models for the regulatory sites and their binding proteins in expression of the gcv operon are discussed.
METHODS
Bacterial strains. E. coli K-12 strains used in this study are listed in Table 1 . (Miller, 1992) . The minimal medium used was the minimal salts of Vogel & Bonner (1956) supplemented with 0.4' /0 glucose (GM). GM medium was supplemented with phenylalanine and thiamin since all strains used carry the thi and pheA905
mutations. Supplements were added at the following concentrations (pg ml-l) : glycine, 300; inosine, 50; phenylalanine, 50; thiamin, 1. DNA manipulation. The procedures used for restriction enzyme digestion, polymerase chain reactions, etc., were as described by Sambrook et al. (1989) Construction of 1 lysogens. Bacterial strains were lysogenized with the various &cvT : : lac2 fusion phages as previously described (Urbanowski & Stauffer, 1986) . All 1 lysogens carry the cI857 mutation resulting in a temperature-sensitive repressor and were grown at 30 O C . After single-colony purification, lysogens were tested for the presence of only a single copy of 1 by testing their ability to support lytic infection by 2 cI90c17 (Shimada et al., 1972) .
PGalactosidase enzyme assays. 8-Galactosidase activity was assayed as described by Miller (1992) using the chloroform/ SDS lysis procedure. All results are means from two separate assays in which the activity of each sample was determined in triplicate.
RESULTS AND DISCUSSION
Effects of generating a Pmel site on gcvT: : /acZ expression
The gcv control region is complex, with multiple cisacting sites, global and gcv-specific regulatory proteins ( Fig. la) (Ghrist & Stauffer, 1995; Wilson et al., 1993a Wilson et al., , b, 1995 . To gain insight into the roles these sites and their respective DNA binding proteins play in gcv expression, we tested the spacing and geometry of part of the gcv control region on expression of a gcvT::lacZ gene fusion. To facilitate these studies, we changed two bases to generate a unique site for the restriction enzyme PmeI. This was done upstream of gcv in a region lacking known binding sites for regulatory proteins (Methods and Fig. la ). T o demonstrate that these two single-base changes do not themselves alter regulation of gcv, a igt2 phage carrying the gcvT: : lacZ(Pme1) mutation was used to lysogenize strains GS852 (purR) and GS998 (gcuA). The lysogens were grown in GM medium with appropriate supplements, and p-galactosidase levels were measured. The purR lysogen showed about a sixfold glycine-mediated activation and about a fivefold inosine-mediated repression of gcuT: : lac2 expression, similar to the levels measured when the purR strain was lysogenized with a igt2 phage carrying the wild-type gcvT: : lac2 fusion ( Table 2 ). The gcvA lysogen showed a lower basal level of expression in GM medium than the purR lysogen, that was not increased in cells grown in the presence of glycine, nor repressed in cells grown in the presence of inosine (except for an expected twofold repression mediated by PurR) (Wilson et al., 1993a; . We also determined the effects of the changes that generate the PmeI site in the Zrp mutant strain GS997 and the gcvR mutant strain GS1053. In the Irp lysogen grown in GM medium, p-galactosidase levels were about threefold lower than in the gcvA lysogen ; the levels were essentially noninducible by glycine and nonrepressible by inosine (except for an approximately 2.5-fold PurRmediated effect; Table 2 ). In the gcvR lysogen, pgalactosidase was constitutively expressed at a high level, although PurR-mediated repression was still observed in cells grown in the presence of inosine (Table  2) . These results are similar to results reported previously for a wild-type gcvT: : lac2 gene fusion Ghrist & Stauffer, 1995) and suggest that the changes producing the PmeI site do not significantly alter regulation of the gcuT: : lacZ fusion.
Effects of spacing of GcvA-binding sites 3 and 2 and the Lrp-binding region on gcvT: :/acZ expression T o determine whether the location of the upstream GcvA-binding sites 3 and 2 and the Lrp-binding region relative to the gcv promoter are essential for normal regulation of the gcvT: : lac2 fusion, we constructed a series of deletion and insertion mutations of essentially helical turns of DNA at the unique PmeI site in pGS318 (Methods and Fig. lb) . The mutations were cloned into Agt2, which was used to lysogenize the purR strain GS852. The lysogens were grown in GM medium plus appropriate supplements and the p-galactosidase levels were measured. The -11 lysogen showed slightly reduced levels of expression in GM medium compared to the 852AgcvT: : lacZ (PmeI) control lysogen, and although the levels were induced by glycine, the induced levels were about twofold lower than in the control lysogen ( Table 3) . The p-galactosidase levels in the -11 lysogen grown in GM medium containing inosine were not significantly different from the control lysogen. The 11 bp region deleted in this mutant is not protected from DNase I digestion by any known regulatory protein for the gcv operon Wilson et al., 1995) . These results suggest that this region does not serve as a cis-acting site for another regulatory protein.
The twofold decrease in glycine-mediated activation observed in the -11 lysogen is probably due to the altered spacing of the GcvA-binding sites 3 and 2 and the Lrp-binding region relative to the gcu promoter.
The +11 lysogen showed slightly elevated levels of bgalactosidase in GM medium compared to the control lysogen, and although glycine induced expression, the induced levels were consistently lower than in the control lysogen (Table 3 ). In addition, the ability of the GcvA protein to repress expression of the gcvT: : lac2 fusion in response to inosine was significantly reduced in the +11 lysogen.
The + 21 and + 31 lysogens showed even more severe effects on gcvT::ZacZ expression (Table 3) . In both lysogens, basal levels of expression in GM medium were elevated compared to the control lysogen. In addition, both GcvA-mediated activation in response to glycine and GcvA-mediated repression in response to inosine were reduced significantly, although the effects were greater in the + 31 lysogen than the + 21 lysogen. These results show that GcvA and Lrp work best from their native positions and work less well when their target sites are moved upstream or downstream relative to the RNA polymerase (RNAP) binding site. Insertions of 11 and 21 bp between the E . coli ilvIH promoter and Lrpbinding region also reduced transcription activation only slightly, whereas Lrp failed to activate when the binding sites were moved far upstream from the promoter (Sacco et a/., 1993) .
Effects of orientation of GcvA-binding sites 3 and 2 and the Lrp-binding region on gcwT::/acZ expression
We also tested the effects of orientation of the upstream GcvA-binding sites 3 and 2 and the Lrp-binding region on gcvT: : lac2 expression by inserting approximately half-integral turn lengths of DNA at the unique PmeI site in pGS318 (Methods and Fig. lb) . The 14 and 25 bp insertions were cloned into Agt2 and used to lysogenize the purR strain GS852. The lysogens were grown in GM medium containing appropriate supplements, and / Igalactosidase levels were measured. Both lysogens showed essentially noninducible levels of 8-galactosidase ( Table 3) . The B-galactosidase levels, with the exception of those measured in the presence of inosine, were essentially the same as those observed when the fusion with the wild-type spacing was placed into a lrp background (see Table 2 ). The higher pgalactosidase levels observed in medium containing inosine for the + 14 and + 25 lysogens compared to the lrp control lysogen are due to the presence of PurR in the lrp lysogen Wilson et al., 1993a) . These results suggest that both activation and repression of the gcvT: : lac2 fusion are face-of-the-helix dependent and require a precise stereospecific orientation of either GcvA, Lrp or both, relative to the gcu promoter. A stereospecific alignment between the dulH and the gltBDF promoters and their upstream Lrp-binding sites is also needed for activation (Sacco et at., 1993; Wiese et a[., 1997) .
Effects of /rp, gcvA and gcvR mutations on expression of the IgcvT: :/acZ(Pmel) + 21 fusion
We also tested the effects of lrp, gcuA and gcuR mutations on expression of the +21 fusion. We chose the +21 bp insertion phage as it still shows about a twofold glycine-mediated induction of the gcuT : : lac2 fusion (Table 3 ). The phage was used to lysogenize the gcuA strain GS998, the lrp strain GS997 and the gcuR strain GS1053. The new lysogens, along with the original 852AgcvT: : lacZ(Pme1) + 21 lysogen, were grown in GM medium with appropriate supplements, and pgalactosidase levels were determined. The gcuA + 21 lysogen was noninducible by glycine and nonrepressible by purines, except for a small effect due to the PurR protein (Table 4) . These results indicate that the approximately twofold glycine-dependent induction in the purR +21 lysogen is dependent on GcvA. In the lrp + 21 lysogen grown in GM medium, the P-galactosidase levels were reduced about threefold compared to the gcvA + 21 lysogen ( Table 4) . The levels were essentially noninducible by glycine and nonrepressible by inosine, except for the twofold PurR-mediated repression. The gcuR + 21 lysogen showed constitutive expression of pgalactosidase, although the PurR-mediated repression was still observed in the presence of inosine. The GcvR protein is a negative regulator of gcvT: : lacZ expression and its ability to repress is dependent on a functional
GcvA protein (Ghrist & Stauffer, 1995) . It was therefore possible that the altered regulation observed when the GcvA-binding sites 3 and 2 and the Lrp-binding region were moved closer to or further from the gcu promoter was due to an alteration in GcvR-mediated regulation. This seems unlikely, however, since both activation and repression are reduced in the insertion mutants. In addition, in the gcuR +21 lysogen, the constitutive levels of expression are higher than in the control 852AgcuT: : ZacZ(Pme1) + 21 lysogen, but the levels are still about threefold lower than in the 1053AgcvT: : ZacZ(Pme1) control lysogen (compare Tables 2 and 4) . Thus, the reduced levels of expression observed from the deletion or insertion of helical turns of DNA is most likely due to a failure to activate the gcuT: : lac2 fusion rather than to an increased ability of GcvR to negatively regulate the gcvT: : lac2 fusion.
Working models
The location of GcvA-binding sites 3 and 2 and the Lrpbinding region relative to the gcv promoter ( Fig. la) , as well as the strict requirement that GcvA and Lrp proteins bind on the correct surface of the DNA relative to RNAP for both activation and repression, make it likely that DNA looping is part of the mechanism of gcu operon regulation. Lrp is known to bend DNA (Wang & Calvo, 1993 ) and a previous DNase I footprint analysis of Lrp binding to the gcu control region DNA indicated that Lrp might cause bending of the DNA . In addition, it was shown previously that GcvA-binding sites 3 and 2 are required for both activation and repression of the gcu operon, whereas GcvA-binding site 1 is required only for repression (Wilson et al., 1995) . Thus, an Lrp-induced DNA bend might allow GcvA bound at sites 3 and 2 to interact with RNAP to activate the gcu promoter, or possibly to interact with GcvA bound at site 1 to repress the gcv promoter. Since GcvR requires a functional GcvA protein for its negative effect (Ghrist & Stauffer, 1995) , GcvR might function in this model to influence which type of protein-protein interaction occurs as a result of the DNA loop, or the degree of the DNA bend. However, it has not been shown at this time whether GcvR has a direct or an indirect role in gcv operon control. It is also possible that Lrp directly interacts with RNAP, or is required for cooperative binding with GcvA protein. We have purified the Lrp protein and are currently purifying the GcvA and GcvR proteins. These proteins will be used in in uitro systems to test their effects on cooperativity in binding to their respective target sites and for their ability to activate or repress gcu in a run-off transcription assay.
